INTRODUCTION
The reactions of biacetyl and hydroxylamine under a variety of experimental conditions have been the subject of considerable investigation 1 • 2 in this laboratory. Initially, the reaction was used to synthesize dimethylglyoxime for the precipitation, from homogeneaus solution, of nickel3 or palladium 4 • During the course of the development of the analytical methods for nickel and palladium some very interesting chemical phenomena were observed. For example, in the case of nickel, a soluble yellow species was observed to precede the precipitation of the metal chelate. The observations prompted subsequent investigations in four areas essentially involving the reaction of biacetyl or biacetyl monoxime with hydroxylamine in (a) neutral solution at pH 7·0, (b) neutral solution at pH 7·0 in the presence of nickel(II), (c) hydrochloric acid solution, and (d) hydrochloric acid solution in the presence of palladium(II). The conditions used in the four areas were chosen to correspond with the analytical conditions under which nickel and palladium are determined by precipitation as the dimethylglyoximates. These investigations have partially explained the previously mentioned chemical phenomena observed and have indicated other directions for future research particularly in the area of nucleation phenomena. This paperwill discuss not only the four classifications ofreactions cited above but will also consider the other research directions which have been indicated as well as some other aspects of dioxime chemistry.
THE OXIMATION OF BIACETYL a. Reactions ofbiacetyl and biacetyl monoxime with hydroxylamine at pH 7·0
When the reaction between biacetyl and hydroxylamine is monitared spectrophotometrically at 2838 A where biacetyl absorbs and where hydroxylamine and the reaction products, biacetyl monoxime and dimethylglyoxime, do not absorb, a curve suchasthat shown in Figure 1 is obtained. To explain qualitatively the curve shown in Figure 1 , Hileman and Gordon I utilized Jenck's concept5 of a carbinolamine reaction intermediate, thus
At point A of Figure 1 , the intermediate shown in equation (1) is being rapidly formed but as its concentration increases, the rate of the reverse reaction increases so that the rate of absorbance increase begins to decrease as shown at point B. Point C represents a very complex period wherein reaction (1) approaches equilibrium and the rate of reaction (2) becomes important. Reaction (2) is the essential reaction taking place at point D.
When the reaction between biacetyl monoxime and hydroxylamine is monitared spectrophotometrically at 2250 A where both biacetyl monoxime ( E = 9·41 X 103) and dimethylglyoxime ( E = 1·41 X 104) absorb, a curve such as that shown in Figure 2 is obtained. Figure 3 is obtained. Nucleation bursts such as the two shown in Figure 3 were first reported by Salesin, Abrahamsan and Gordon6. When biacetyl monoxime is substituted for biacetyl, only a single nucleation hurst is observed as shown in Figure 4 .
Hileman and Gordonl found very close agreement for the values of the rate constant k4 (cf. equation 4) obtained in the presence or absence of nickel thus indicating that nickel(II) has virtually no effect on the dehydration of the intermediate. However, this was not the case with the rate constant k2 ( cf. reaction 2) thus clearly indicating complex formation between nickel(II) and the carbinol intermediate shown in reactions ( 1) and (2) .
There are at least two independent paths by which nickel is precipitated as the solid red chelate. One path involves the precipitation of nickel with dimethylglyoxime formed by the reaction sequence ( 1) through ( 4 [Ni(II)] = 4·625 X 10-5M;"= 3600 A; t = 3·00°C} of equations (1) and (2) followed by subsequent dehydration of the nicke! complexes to form the solid phase. The two paths are shown in equations (5) and (6) .
Nil1 and Ni(I1)2 are nickel complexes ofunknown structure and HD and h represent the following structures:
There are two sub-paths in reaction (6) , owing to the dehydration of some Nih to NiD+ which must then wait for dimethylglyoxime to be produced by the relatively slow reaction sequence (reactions 1-4) before being converted to nicke! dimethylglyoximate. Because there are two major independent paths by which nicke! dimethylglyoximate is produced, one observes at least two nucleation bursts.
c. Reactions of biacetyl and biacetyl rnonoxirne with hydroxylarnine hydrochloride in hydrochloric acid solution

Decomposition reactions
The behaviour of biacetyl monoxime and dimethylglyoxime in 0·406 M hydrochloric acid solution2 at 25°C was first studied because oximes are known to decompose in acid solutions; in addition, the use of 0·406 M hydrochloric acid solution stems from the fact that analytical chemists often precipitate palladium dimethylglyoximate in this medium.
The ultraviolet spectrum showed that both the monoximino-ketone and the dioxime decomposed in the acid medium. In the case of biacetyl monoxime, the decomposition curve (absorbance versus time) is shown in Figure 5 ; also shown in the figure (inset) is the visible absorption spectrum The visible spectrum of the decomposition products at equilibrium} attained at equilibrium. The visible spectrum shows biacetyl tobe a reaction product. Upon repeatedly scanning the ultraviolet spectrum of another similar solution of biacetyl monoxime, it was found that (a) the absorption peak for biacetyl monoxime decreased with time, (b) no new peaks appeared, and (c) the peak position at 2275 A remained unchanged.
The decomposition of dimethylglyoxime in 0·406 M hydrochloric acid was also followed in a manner similar tothat used with biacetyl monoxime. Again, biacetyl was a decomposition product. However, the peak position for dimethylglyoxime (2250 A) shifted slowly to the peak position (2275 A) for biacetyl monoxime.
These results indicate that in acid solution biacetyl monoxime partially decomposes into biacetyl and hydroxylamine whereas äimethylglyoxime decomposes almost completely to biacetyl, hydroxylamine and biacetyl monoxime. Preliminary values of the equilibrium constant K:i, are defined as in equation (7) where and were found tobe 3·9 X 103 and 3·5 X 103 for solutions in which respectively the decömposition of biacetyl monoxime and dimethylglyoxime were followed.
The value of x; was also independently checked by reacting biacetyl (3·566 X I0-4 M) with hydroxylamine hydrochloride (6·696 X I0-6 M)
to form biacetyl monoxime by a pseudo first order reversible reaction. x; was found to be 4·65 x 103. According to Cordes and Jencks7, one would predict the decomposition reactions to take place by the attack of water onto the conjugate acid of the oxime. Ellefsen and Gordon have shown this to be true for dimethylglyoxime and biacetyl monoxime by virtue of the manner in which the rate constants for the decomposition reactions change with change in the concentration of hydrochloric acid.
Formation reactions
Hydroxylamine is a relatively strong base and carbonyls are characteristically very weak bases. Also, protonated hydroxylamine is unreactive to carbonyls 5 • Because of this, as pointed out by Cordes and Jenckss, the mechanism of formation of an oxime cannot be the attack of free hydroxylamine on to protonated carbonyl because the rate constant for this reaction would be larger than that for a diffusion-controlled system. Furthermore, as shown by Ellefsen and Gordon2, if the formation of dimethylglyoxime were due to the attack of neutral hydroxylamine onto neutral carbonyl, then the rate constant obtained in 0·812 M hydrochloric acid solution would be about one-tenth the value obtained in 0·1 M acid. This was not o bserved.
I t would be expected that the carbon atom in the carbonyl group would become more reactive toward hydroxylamine as hydrogen bonding on the carbonyl becomes stronger in solutions in which the concentration of hydrochloric acid is increased. Thus, one would expect, for example in the case of the formation of biacetyl monoxime, that
Ellefsen and Gordon2 have shown that this equation is equivalent to
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(8) (9) the term k2fHxH+ fHM can be evaluated and would be expected to decrease with increase in acid concentration. This was observed; a similar prediction in the case of the formation of biacetyl monoxime was also observed.
These observations, along with other experimental evidence, show that the kinetics and mechanism of oxime formation in acid solution is, in accordance with the basic Jencks's view, the reaction of hydroxylamine with hydrogen bonded carbonyl. The absorbance at 4800 A ( Emax for PdC142-) of a 0·406 M hydrochloric acid solution containing palladium (.._,10-3M), biacetyl monoxime (.._,l0-3 M) and biacetyl ( ,._,Q·l M) will change about 5 per cent over a 7-hour period owing to a slow and unknown reaction between biacetyl monoxime and palladium. When this experiment is repeated in a solution which is also 2 M in· potassium chloride, the absorbance remains unchanged even after 19 h and the extinction coefficient is, in fact, exactly the same as that of a solution which contained only the palladium in 0·406 M hydrochloric acid and in 2 M potassium chloride solution. Hydroxylamine will also not react with palladium under these conditions. Thus, biacetyl, biacetyl monoxime and hydroxylamine are unreactive toward palladium in 0·406 M hydrochloric acid and 2 M potassium chloride. The kinetics and mechanism of the generation of dimethylglyoxime would then be expected to be the same in the absence or presence of the palladium chloride complex. This was tested, in particular, for the reaction of biacetyl monoxime with excess hydroxylamine, i.e. The value of k: determined in the presence of palladium was found to be comparable to"' that found in the absence of palladium, confirming the expectation that reaction ( 10) is essentially unaffected by the tetrachloro palladium complex.
The contrasts between the palladium system and the nickel system, in which there are not only carbinolamine intermediates but in which nickel is intimately involved with these by complex formation, are indeed noteworthy.
The kinetics and mechanism data obtained in studies of the two systems have indicated means9 for improving analytical methods for the precipitation of nickeland palladium from homogeneaus solution.
THE OXIMATION OF ARYL DIONES
One of the most intriguing extensions of the processes developed for the generation of dimethylglyoxime chelates will be fhe study of dioxime systems in which more than one dioxitne stereoisomer is known to exist. Dimethylglyoxime apparently exists only in the anti form; indeed, the phenomenon of isomerism seems to be very rare in aliphatic dioximes and common in aryl dioximes.
Probably the best known aryl dioximes which have been used in analytical chemistry are a.-benzildioxime and a.-furildioxime. These compounds can be prepared by the oximation of the appropriate diketones, i.e. benzil or furil. These oximation reactions, however, under almost all experimental conditions appear to give more than one dioxime isomer in the final reaction productlO, 11. It is known that the oximation of furil results in approximately equal amounts of the alpha and gamma isomers 1 0, although sturlies have not been carried out to determine the exact proportions of isomeric species formed under various conditions. Benzil similarly gives a product which contains at least two isomersll.
The presence of more than one dioxime isomer in synthesized benzildioxime may be one possible explanation for the different colours reported in the literature12 for nicke! a-benzildioximate. Both alpha and gamma isomers of benzildioxime react with nicke! ions, the alpha form giving a red 1:2 chelate, the gammaform a yellow-green 1:1 compound. The colour of the precipitate formed could thus depend upon the proportians of each dioxime isomer present in the reagent. The oximation of aryl diones by hydroxylamine, particularly in the presence of metal ions, should provide interesting information about the generation of various dioximes and metal dioximate species. I t may also provide a means for synthesizing pure anti isomers of analytically useful aryl dioximes and solve the colour mystery of the benzildioximate.
THE NUCLEATION AND GROWTH OF METAL DIOXIMATES
General considerations
The sturlies on the generation of dimethylglyoxime from biacetyl which have been described earlier in this paper have provided a quantitative description of the many complex processes which occur during a dioximation reaction in the presence of certain metal ions. An investigation of the generation of chelates is not complete without a study of the nucleation and growth processes which the chelate molecules must undergo prior to attaining their final crystal form. Nucleation studies have thus been initiated with the purpose of characterizing the initial steps in the phase transformation.
The first successful theory ofnucleation was that proposed by Volmer and Weber 13 in 1926 and was applied to the condensation of a vapour. This approach has been improved upon and treated in further detail by others. The theory provides a relationship between the rate of nucleation and the number of molecules in a critical nucleus. The validity of other factors in the equations is often disputed, although the general form of the equations is widely accepted as the best representation of crystal nucleation. The equations predict that the rate of nucleation will be extremely sensitive to the supersaturation. This gives rise to the concept ofacriticalsupersaturation, below which nucleation is imperceptibly slow and above which nuclei are formed at a tremendous rate.
An important distinction has been made in the Iiterature between homogeneous and heterogeneaus nucleation. The formation of a nucleus as a result of random density fluctuations in the bulk phase is described as homogeneous. Nucleation which occurs at container surfaces, impurities and other undefined sites is termed heterogeneous. Heterogeneaus nucleation occurs at lower degrees of supersaturation than homogeneous nucleation. The treatments of both types are similar, the main difference being that the treatment of the hetero process requires a knowledge of the interfacial energies of the hetero nuclei. Recent reviews 14 have pointed out the great difficulties inherent in experimental studies of nucleation. The main problems are:
I. The preparation of a liquid system free of solid impurities which act as heterogeneaus catalysts. Some authors have suggested that homogeneous nucleation has been but rarely experimentally observed because of the difficulties of obtaining solutions free of nucleation catalysts. 2. The explosive increase in the rate of nucleation at critical supersaturation. 3. The change in phase which occurs in nucleation is fundamentally an extremely difficult process to follow by any of the conventional experimental techniques. 4. Goncentration inhomogeneities as a result of the use of direct mixing techniques. The characteristics of the chemical system, in this instance the metal dioximates, must also be taken into account in studying the nucleation process.
Experimental approaches to the study of nucleation have been facilitated by the knowledge of the solution properties and exact crystal structures of some of the dioxime chelates. Recent work 15 • 16 has made available a great deal of extremely valuable data concerning the solution spectra, thermodynamic solution parameters and solvent extraction constants of many metal dioximate~. This has provided evidence to suggest that in polar and non-polar solvents nickel dimethylglyoximate and nickel ethylmethylglyoximate exist as monomers of almost identical structure. Both chelates possess strong symmetrical intramolecular hydrogen bonding. The strong intramolecular hydrogen bonding and Iack of solvation of the central metal atom makes the dioximates essentially organic type solutes.
X-ray crystallographic studies17 of nickeland palladium dioximates have shown that two very distinct features are present in the crystals. These are the possibility of metal-metal bonding along the c-axis of the crystal, calculated to be of the order of 10 kcal18, and the presence of two strong symmetrical hydrogen bonds. The metal-metal bonding arises because the chelate molecules are planar and are stacken directly one above the other, each unit being rotated 90 degrees, at an inter-planar distance of 3·24 A.
Other crystal studies19 have shown that there is a very significant difference in the structures of the nicke! chelates of the higher dioxime homologues of dimethylglyoxime, for example ethylmethylglyoxime. The strong symmetrical hydrogen bonds are still present. However, the completely different crystal packing which exists precludes any possibility of metal-metal bonding.
Thus, from a consideration of the known data concerning solution and crystal properties of these metal dioximates one can assume that the formation of metal-metal bonding may play a very important role in the nucleation and growth processes of nickel dimethylglyoximate, whereas it cannot do so in nickel ethylmethylglyoximate.
The experimental approaches which are being used in an attempt to resolve some of the problems listed above and to obtain valid data for the nucleation of metal dioximates are corisidered in the following sections.
( a) The nucleation qf palladium dimethylglyoximate
The concentration inhomogeneities encountered in direct mixing can be eliminated by the use of the generating processes described earlier. In systems with moderate generating rates of palladium_ dimethylglyoximate, the Supersaturation increases to the Ievel at which heterogeneaus nucleation occurs. After this the rate of depletion of the Supersaturation by growth of the particles produced exceeds the rate of increase in supersaturation by the generating process. Thus, the supersaturationwill not attain a value high enough to bring about homogeneaus nucleation. If, on the other hand, the rate of generation of supersaturation were made very large, which is possible by the use of highly concentrated solutions of generating reagents, then the Supersaturation could increase beyond the minimum value necessary to bring about homogeneaus nucleation. Unfortunately, in this latter system the rate of formation of nuclei occurs with such rapidity that measurements on the systems become almost impossible.
I t would therefore be advantageaus to find a model system in which a generating process could be used, homogeneaus nucleation could be observed and in which the rates of all processes could be slowed sufficiently to make the system amenable to measurement. Such a system can be obtained if the precipitation is carried out in highly viscous media. Glycerol is one such medium and has the advantages that it is miscible with water in all proportians and supports the dimethylglyoxime generating process necessary for chelate formation.
From this type of system, data will be obtained for the rates of nucleation of palladium dimethylglyoximate (measured by particle counting) as a function of the Supersaturation (measured spectrophotometrically). At low supersaturations the nucleation process is heterogeneaus and the particle counts in this region will be informative as to the number and nucleating capabilities of heteronuclei. At higher supersaturations the process is homogeneaus and data can be compared to theoretical predictions. The effects caused by changes in temperature, generation rates, composition of media and particularly the addition of surfactants will then be studied in order to gain additional insight into the nucleation phenomena.
( b) The role of metal-metal bonding
The dioximation of 2,3-pentanedione is being studied in the presence and absence ofNi2+, Pd2+ and Pt2+, in order to make comparisons with the dioximation of biacetyl. One important comparison, i.e. degree of critical supersaturation, will be especially noted in view of the metal-metal bonding which exists in the dioxime in one system but not in the other.
For comparison purposes, the dioximation process will be extended so as to include the aliphatic dione series as follows:
C3H7 CaH7
This will be clone in order to investigate fully other factors which may influence the nucleation and growth behaviour of the generated chelates. These factors may be: ( 1) the increase in the molecular weight in going up the series; (2) the increase in the organic nature of the molecule as the size of the alkyl groups increases; (3) the possibility of the formation of isomeric monoximinoketone and dioxime species in the oximation of asymmetric diones, e.g. 2,3-pentanedione; (4) the possible formation of cis and trans isomeric metal chelates; and (5) a change in the pK of the oxime group as the electron-donating character of the alkyl group increases. This will be shown up in a change in the pH values of precipitation of the chelates.
( c) The study of nucleation processes in a polymer system .. A new approach to some of the problems of nucleation has been designed based on a system used by Maurer. Maurer investigated the nucleation and growth of gold particles in a photosensitive glass20, 21. He noted that glass offered two advantages over other media for studying nucleation. These were: (1) The nucleation process occurs in a transparent medium; and (2) the process is greatly slowed by the high viscosity of the medium. A number of polymers will be tried as media for nucleation work, in an attempt to make diffusion the rate controlling step in nucleation. The ideal medium will probably have tobe a polymer with a low melting point (more specifically one that showed a large change in viscosity in going from a glass state to a liquid in the range 60-100°) and which could be sub-cooled at reasonably low temperatures to give a glass-like structure (a solid matrix). The polymers polymethylacrylate and polyethylacrylate, and certain carbo-waxes have some of these properties.
If a supersaturated solution of a nickel dioximate in such a polymer could be achieved, the method of following the nucleation and growth is as follows. The polymer solution is kept at a temperature at which it is quite liquid for known periods of time. The viscosity of the system will be such as to allow chelate monomers to come together slowly to form clusters which could subsequently grow. The solution may then be cooled very suddenly (by large sub-cooling) to a temperature which was below the glass transition temperature of the polymer. This process would "freeze" the whole nucleating system. I t is intended then to examine the "frozen" solution by means of electron microscope techniques. The use of such techniques is eminently suitable here because it is possible to resolve collections of chelate molecules which correspond roughly to the size of a unit cell (which in nickel dimethylglyoximate contains four molecules and the dimensions, ao = 16·68 A, bo = 10·44 A, co = 6·49 A). It should also be possible to modify the experimental conditions and carry out drop-technique studies in order to observe homogeneous nucleation.
